Most mRNAs have untranslated regions after their coding sequences (3' UTRs).
Introduction
Most eukaryotic mRNAs carry a non-encoded tail of adenosine residues at their 3' end [poly(A) tail]. Poly(A) tails are added in two separate steps: in the first one, nascent mRNAs are cleaved; subsequently, the polyA tail is added to the cleaved substrate. Both reactions are coupled and require the function of a complex multisubunit machinery, which is recruited cotranslationally to pre-mRNAs. 1 Cleavage and polyadenylation in mammals are regulated by three major cis-acting sequences: 2 the AAUAAA sequence or a closely related motif, located 15-30 nucleotides upstream of the CS, a uridine-rich upstream sequence element (USE), situated 0-20 nucleotides upstream of the AAUAAA motif, and a downstream sequence element (DSE), found 0-20 nucleotides downstream of the cleavage site. In budding yeast, the AAUAAA motif is less conserved, the DSE is not present, and there is a poorly conserved efficiency element (EE) upstream of AAUAAA.
use of multiple polyadenylation sites for a specific mRNA (alternative polyadenylation, or APA) is widespread, 4 and appears to be regulated in tissue-and developmental-specific manners. For example, there is a switch to the use of proximal CSs during cell proliferation, 5 early development, 6, 7 and cancer. 8 This leads to the production of shorter mRNA isoforms, which lack key binding sites for miRNAs and are therefore differentially regulated.
CSs can be identified from standard RNA-seq data by examining reads that span the boundary between the CS and the poly(A) tail. However, this approach is very inefficient because only a very small fraction of reads the can be used. Recently, a number of studies have employed next-generation sequencing-based approaches specifically targeted to the identification of CSs. These methods have been applied to budding yeast, worms, mammals, and plants (reviewed in ref. 9 ). I present here a novel technique for the systematic mapping and quantification of CSs. The approach is based on the isolation and sequencing of mRNA ends. It is easy to implement, strand-specific, avoids RNA enzymatic modifications that can cause sequence-specific biases, and uses unique molecular identifiers (UMIs) to eliminate PCR amplification artifacts. I used this approach to create the first genome-wide map of polyadenylation sites in the fission yeast Schizosaccharomyces pombe. The results revealed widespread use of APA in both coding genes and long non-coding RNAs, as well as highly variable levels of specificity in the choice of CSs.
for nested PCR amplification. The resulting cDNAs are circularized and used as templates for PCR amplification. A spacer that cannot be traversed by DNA polymerases is located between both primer binding sites and allows the use of the circularized cDNA as a template without the need for linearization. 11 The nested PCR primers add Illumina-specific adaptors compatible with single or paired-end sequencing. 3PC is strand-specific, an essential feature for the analysis of the highly compact S. pombe genome, where overlapping transcripts are very common. 12 The circularization strategy allows the bypass of RNA ligations, which are known to be sequence-dependent. 11 The RT primers also contain a random sequence that serves as a unique molecular identifier (UMI). 13, 14 Therefore, each original cDNA is individually tagged and can be distinguished after PCR amplification. Single-end sequencing is performed on an Illumina platform starting from the side containing the oligo(dT) sequence, thus ensuring that the junction between the mRNA and the poly(A) sequence is reached in every clone. The data are analyzed using a straightforward and stringent bioinformatic pipeline (Fig. S1) . First, identical sequences containing the same UMI are discarded, as they are derived from a single RNA fragment. This step removes PCR amplification artifacts and allows better quantification of poly(A) site usage. Second, UMIs and oligo(dT) sequences are removed from the reads. Third, reads are mapped to the S. pombe genome using the Bowtie aligner. 15 Finally, to remove sequences that may originate from internal poly(A) sites, reads that map upstream of adenosyl stretches are discarded (see Materials and Methods for details). I applied this strategy to map cleavage and polyadenylation sites in exponentially growing S. pombe cells. Three libraries were generated from independent biological samples. The libraries were sequenced on either an Illumina Genome Analyzer II or a HiSeq 2000 platform using standard Illumina primers, producing a total of 15,626,208 reads (Table S2) . 45.6% of the sequences were identified as redundant using UMIs, leaving 8,489,700 unique reads. After all processing steps (Fig. S1) , 2,021,000 reads were mapped to unique locations in the S. pombe genome ( Table S2) . As a result of the use of UMIs, each of these reads corresponds to the CS of an individual mRNA molecule. To monitor the reproducibility of the protocol, the number of reads mapping to the annotated 3' UTR of every fission yeast gene was quantified for each of the three independent experiments. The data showed very high reproducibility (Fig. S2) , with all pair-wise Pearson correlation coefficients above 0.9. To validate the accuracy of the approach, I compared In addition, they showed that the most common polyadenylation signal used in fission yeast is the canonical human AAUAAA.
Results
A method for high-throughput mapping of cleavage and polyadenylation sites. Below I refer to the method as 3PC (for 3' Poly(A) site mapping using cDNA Circularization). The strategy is summarized in Figure 1 . After chemical fragmentation of total RNA, poly(A)-containing RNAs are purified using oligo(dT) magnetic beads. Isolated RNA fragments are reversetranscribed using a primer (RT primer, Table S1 ) that contains an anchored oligo(dT) sequence 10 and two primer binding sites Figure 1 . Outline of 3pc protocol. Total RNA is chemically fragmented and purified using oligo(dT) magnetic beads. poly(A)-containing fragments are used as substrates for reverse transcription, and the resulting cDNAs are circularized and used as templates for pcR amplification. poly(A) and poly(T) sequences are indicated. "R" represents the random sequence of the unique molecular identifier, and "B" a multiplexing barcode. sequences from the RT primer that are used for pcR amplification are represented in cyan and green. see Materials and Methods for more details.
nucleotides of the budding yeast Saccharomyces cerevisiae 22 and the 130 of Caenorhabditis elegans. 7 The positions of 3' UTR CSs, which define UTR lengths, were compared with the lengths of annotated UTRs ( Fig. S4 and Data Set S7). The comparison was performed in two ways: first, by using the most distal single CS identified by 3PC; second, by considering the peak of the most distal cluster. In the first case, the correlation was very high (Pearson correlation = 0.94), although the UTRs defined by 3PC tended to be longer (Fig. S4A) . In the second case, the correlation was poorer (Pearson = 0.64, Fig. S4B ). This is consistent with the fact that annotated UTRs are usually defined by the longest observed transcript, while the position of the peak of the cluster represents the length of a "typical" UTR.
Analysis of the data for 3' UTRs also revealed a high prevalence of APA, with the number of clusters ranging between one and five, and a mean number of 1.54 clusters per gene ( Fig. 4C ; Data Set S2). 41% of all detected S. pombe 3' UTRs contained more than one cluster. In ncRNAs, there was a similar trend to the presence of multiple CSs, with 45% of all detected ncRNAs having more than one cluster, and a mean of 1.63 clusters per gene ( Fig. S5 and Data Set S4). These results demonstrate that APA is widespread in S. pombe. The extent of APA is comparable to that of multicellular eukaryotes. For example, 47% of genes expressed in HeLa cells display APA, with an average of 1.9 isoforms per gene. 23 Analysis of APA in several organisms has revealed preferences for the use of proximal or distal sites, which are often dynamically regulated. [5] [6] [7] [8] To investigate if S. pombe displays a positional bias in the use of CS, I concentrated on those genes with exactly two CSs. The distributions of the number of reads that map to the proximal and the distal sites for each 3' UTR were compared with each other (Fig. S6) . The distributions for both sites were very similar, demonstrating that S. pombe vegetative cells do not show a global positional preference in the use of CSs.
A small number of CSs mapped within coding sequences (see Fig. 2D for an example). In contrast to 3' UTRs and ncRNAs, the number of CSs per gene within a coding sequence was almost always one ( Fig. S5 and Data Sets S5 and S6), with a mean of 1.14. These mRNAs tended to have additional CSs in the 3' UTR (93.0%, with an average of 1.42). CSs within coding sequences these data with 30 published CSs from three different laboratories mapped using low-throughput methods (Fig. S3) . [16] [17] [18] In every case, CSs mapped using the high-throughput approach overlapped exactly or were within 2 nucleotides of the published ones, demonstrating the ability of this strategy to determine CSs at high resolution.
Cleavage and polyadenylation site usage in S. pombe. 99.7% of the mapped reads corresponded to annotated genes or noncoding RNAs ( Table 1) . As expected, there was a very strong bias toward 3' UTRs (95.8% of all reads). The data provide a comprehensive survey of the CS landscape of S. pombe with an average of 360 reads per 3' UTR, and 90% of 3' UTRs with 10 reads or more. Genes for which no CS was detected were enriched in meiotically induced genes, 19 in agreement with the low expression levels of these genes in vegetative cells. 20 Coverage of ncRNAs was lower, with a mean number of reads of 34 and only 15% of genes with 10 reads or more. This is consistent with previous data showing that ncRNAs tend to be expressed at low levels in S. pombe. 21 Visual inspection of the data revealed variable numbers of CSs. For example, the act1 gene displays three major CSs, while the adh1 gene contains a single one ( Fig. 2A-C) . In addition, most CSs displayed some degree of microheterogeneity (Fig. 2B) , in which CSs did not map to a single nucleotide (although they tended to cluster in defined regions of the 3' UTR). A similar phenomenon has been reported in other eukaryotes, and is thought to be caused by the imprecise nature of the cleavage reaction (ref. 4 
and references therein).
The amount of CS heterogeneity varied widely among different genes (Fig. 3) . For instance, the two genes in Figure 3A and B are expressed at similar levels and have UTRs of almost identical lengths, but display very different CS profiles. To quantify this effect, a heterogeneity score was defined as the minimal number of CS positions in a given region required to account for at least 90% of all observed CSs (Fig. 3C) . The average number for all 3' UTRs was 13.7, with a standard deviation of 6.2. The genes displayed in Figure 3A and B had scores of 3 and 31, respectively. The heterogeneity score did not correlate with expression levels (Pearson correlation -0.04), although it showed a weak correlation with 3' UTR length (Pearson correlation 0.43). ncRNAs had a slightly higher score (mean 16.6, standard deviation 8.0). Although microheterogeneity is a well-known phenomenon, the reasons for the specific behavior of different CSs are not clear.
To quantify APA, neighboring CSs were grouped into clusters (see Materials and Methods). The number of identified clusters were 7,253 for 3' UTRs (Data Sets S1 and S2), 1,277 for ncRNAs (Data Sets S3 and S4), and 353 for CDSs (Data Sets S5 and S6). Most reads could be assigned to clusters (Fig. 4A) , which had an average length of 55.4 nucleotides. The median distance between the edges of adjacent clusters was 73 nucleotides, and the mean separation was 160, strongly suggesting that the clusters represent independent CSs. The position of the 3' UTR CS with most reads within a cluster (peak) was used to estimate the length of the 3' UTR (Fig. 4B) . Based on these data, the median length of a 3' UTR in S. pombe is 203 nucleotides, and the mean is 284. This is close to the medians of 166 The number of reads mapped to non-coding RNAs, coding sequences (cDs), 5' UTRs and 3' UTRs are presented. "Others" represent reads mapping to intergenic sequences and introns, as well as reads mapping to overlapping features (for example, the 3'-UTR and the 5'-UTR of two tandem genes).
overall enrichment in U-rich sequences observed at this distance from the CS (Fig. 5A) . The specific location of these motifs suggests that they may be of functional importance. Examination of ncRNAs revealed related motifs (Table S4) , with AAUAAA having the smallest P value and being the most abundant (25.1%). AAUAAA was also located at a similar position to that of 3' UTRs, peaking at −22 from the CS (Fig. S7B) . These results suggest that the signals controlling the polyadenylation of coding and non-coding genes are similar. By contrast, no over-represented sequences were detected downstream of the CS. This was unexpected, given that elements located after CSs have been shown to be important for efficient cleavage and polyadenylation in S. pombe.
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Discussion
I present here a new method to map cleavage and polyadenylation sites and its application to the fission yeast S. pombe. 3PC is based on the use of an oligodT primer to enrich mRNA ends, followed by sequencing of the library across the oligo(dT) sequence. The protocol is straightforward, highly reproducible, strand-specific, compatible with multiplexing, and avoids the use of enzymatic modifications of RNA, especially RNA ligations, which suffer from sequence biases. Cis-sequences regulating cleavage and polyadenylation. To identify cis-regulatory regions, the sequence distribution in the regions around CSs was examined (Fig. 5A) . For this purpose, the peak of each CS cluster was used. A very strong enrichment in adenosines was present in nucleotides 1 and 2 after the CS. Note that the drop in adenosines immediately before the CS is due to the way in which the sequences are processed (see Materials and Methods for details), as it is not possible to unambiguously map cases in which cleavage occurs after an adenosine. In addition, there was an enrichment in adenosines upstream of the CS, extending approximately between −29 and −13, and with a peak at position −20. Finally, uridines were enriched before and around the CS, showing peaks at positions −8 and 1. A very similar pattern was found for ncRNAs (Fig. S7A) . Comparable patterns have been observed in budding yeast and multicellular organisms. 7, 22, 25 I then searched for over-represented sequence motifs in the regions surrounding the CSs. As above, the peaks of each cluster were chosen for this analysis. For upstream motifs, the sequences between −5 and −50 were scanned. The search revealed 40 enriched hexamers with compositions high in adenosines and/or uridines ( Table S3 ). The most abundant hexamer was the canonical human AAUAAA (present in 20.1% of all CSs), while several other motifs had sequences that partly overlapped with it. The majority of A-rich motifs were located around positions −23 to −26 ( Fig. 5B; Table S3 ). For example, AAUAAA peaked at position −24. By contrast, some U-rich motifs, such as UUUUUU, were located closer to the CS (position −14). This is consistent with the The comprehensive data set presented in this manuscript will be of great value for S. pombe researchers, by assisting in the annotation of the fission yeast genome, and as the basis for hypothesisdriven experiments into gene expression control in this model organism. In addition, I expect that these data will provide the foundation for comparative studies of among various organisms.
Materials and Methods
Fission yeast methods. Standard fission yeast methods were used for all experiments. 972 h-cells were grown in Edinburgh
Minimal Medium (EMM) at 32 °C. that the number of times a clone is sequenced may not reflect its original abundance in the library. A key advantage of 3PC is the use of UMIs, which ensures that every sequenced poly(A) site corresponds to that of an individual RNA molecule, thus providing more accurate quantification of relative CS usage. In addition, given the number of sequence reads and the fraction of unique sequenced clones (obtained using UMIs), it is possible to estimate the complexity of the original library (Fig. S8) . This information can be used to guide future experiments: for example, if the complexity of a library is low, additional sequencing will provide little new information, and efforts should concentrate on generating a new library.
3PC requires sequencing through the oligo(dT) sequence. This ensures that every read reaches a CS site, but can lead to loss of accuracy and efficiency during sequencing. 27 A number of solutions have been proposed to this problem, including filling in the oligo(dA) sequencing with thymidines immediately before sequencing, 27 and the use of custom sequencing primers. 28 These procedures are incompatible with the use of UMIs as implemented here, which requires that they be located 5' relative to the oligo(dT) in the RT oligo [and thus that they be sequenced before the poly(A) tail]. To avoid problems caused by accuracy loss, a very stringent analysis protocol was implemented, in which only reads that contain exactly the expected number of Ts in their sequence followed by the expected anchor were retained (see Materials and Methods). This resulted in the removal of ~38% of sequences. As using the methods discussed above would involve losing the ability to employ UMIs, and given that with current technologies sequencing depth is rarely limiting, I consider this lower efficiency is acceptable. This is the first genome-wide analysis of CS usage in the fission yeast S. pombe. Over 2 million individual non-redundant CSs were mapped, identifying 8883 major CSs. This resulted in good coverage for more than 90% of coding sequences and 15% of annotated ncRNAs. Although 3' UTRs have been annotated in S. pombe, [29] [30] [31] [32] the data were based on standard RNA-seq experiments and could not distinguish between different isoforms generated by APA.
A very interesting finding is the widespread use of APA in fission yeast. Even in vegetative conditions, it appears that many mRNAs exist as different isoforms, with the length of their UTRs differing in some cases by hundreds of nucleotides (as an example, see act1, a highly abundant mRNA, Fig. 2) . APA can affect mRNA fate; for example, there are two forms of the brain-derived neurotrophic factor BDNF that differ in the lengths of their 3' UTRs that differentially localized and translated (reviewed in ref. 33 ). It has also been shown that longer UTRs can have a negative effect on gene expression through the increased number of miRNA binding sites. 8 However, in most cases, the physiological importance of the existence of multiple forms, especially in unicellular eukaryotes, is unknown. Library preparation and sequencing. All primers used are described in Table S1 and the structure of the RT primer is presented in Figure S9 . Total RNA was prepared using a hot-phenol extraction protocol. 100 μg of total mRNA were incubated with 1/9 volumes of RNA fragmentation reagents (Ambion, Life Technologies) at 70 °C for 4.5 min. The reaction was stopped by adding 1/9 volumes of stop solution (Ambion, Life Technologies) and transferring the samples to 4 °C. Polyadenylated fragments were purified using oligo(dT) magnetic beads (Life Technologies). 200 μl of beads were washed in binding buffer (20 mM TRIS-HCl pH 7.0, 2 mM EDTA, 1 M LiCl). 50 μl of binding buffer was added to 50 μl of fragmented RNA, and the mix was incubated at 65 °C for 2 min and then transferred to ice. The RNA was then added to the beads, and incubated at room temperature for 5 min. The beads were washed twice in wash buffer (10 mM TRIS-HCl pH 7.0, 1 mM EDTA, 0.15 M LiCl). RNA was eluted by resuspending the beads in 22 μl of 10 mM Tris pH 8.0 and incubating at 80 °C for 2 min. The remaining RNA in lysis buffer was incubated with the beads once more and washed as described above, and the two eluates combined. For reverse transcription, 11 μl of purified RNA fragments were mixed with 1 μl of dNTPs (10 mM each) and 1 μl of 50 μM RT primer, incubated at 65 °C for 5 min and transferred to ice. Four μl of 5X FFS buffer (Invitrogen, Life Technologies), 1 μl of SuperaseIN (Ambion, Life Technologies), 1 μl of 0.1 M DTT, and 1 μl of Superscript III (Invitrogen, Life Technologies) were added, and the reaction incubated at 48 °C for 40 min. RNA was hydrolyzed by adding 2.3 μl of 1 M NaOH and incubating at 95 °C for 15 min, and the solution neutralized with 2.3 μl of 1 M HCl. The cDNA was purified using Agencourt AMPure magnetic beads (Beckman Coulter). 46 μl of beads were added to the cDNA solution (~1.85 volumes), and the beads washed twice with 180 μl of freshly prepared 70% ethanol. The cDNA was eluted by resuspending the beads in 40 μl of water. A second round of purification was performed as above, except that a lower ratio of beads to sample (1.6 volumes) was used. This second round is essential for the complete removal of RT primer, which can otherwise circularize and be amplified by PCR. Eight μl of cDNA were circularized using Circligase II (Epicenter) as follows: 0.5 μl of 50 mM MnCl 2 , 1 μl of 10X Reaction buffer and 0.5 μl of enzyme were added, and the reaction incubated at 60 °C for 60 min and at 80 °C for 10 min. PCR amplification was performed using Phusion High Fidelity Polymerase (Thermo Scientific). Two μl of circularised cDNA were used as a template, and amplified in a 50 μl volume as described by the manufacturer. Primers P3 and P5 were used at a final concentration of 0.2 μM. PCR amplification was performed in two stages: four cycles using an annealing temperature of 66 °C, followed by a variable number of cycles at 72 °C. Small scale reactions were performed to determine the optimal number of cycles, which ranged between 12 and 18 (including both stages). Samples were sequenced in either an Illumina Genome Analyzer II or a HiSeq 2000 platform. As low diversity sequences [such as oligo(dT) stretches] can affect sequencing performance on Illumina platforms, samples were mixed with unrelated high-diversity libraries, and/or mixed with 20% of a PhiX control. nucleotide with the highest number of reads. All raw data files have been deposited in the ArrayExpress database with accession number E-MTAB-1642.
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Supplemental Materials
Supplemental materials may be found here: www.landesbioscience.com/journals/rnabiology/article/25758 Bioinformatics analyses. All data were processed using custom-made scripts written in Perl and visualized using the Integrated Genome Viewer. 34 Downstream statistical analyses were performed with R. Reads were first demultiplexed to separate different libraries. To remove redundant sequences, a single copy was retained of identical reads containing the same random UMI. Reads that did not contain only Ts between positions 7-21, followed by A/C/G at position 22, were discarded (see Fig. S9 ). After that, sequences between bases 1-21 were removed (including random UMIs, multiplexing barcodes, and dT sequences from the RT primer, Fig. S9) , and all sequences were reverse complemented. For all analyses, S. pombe annotations and sequences available from GeneDB (http://old.genedb.org/), now PomBase (http://www.pombase.org/), on May 9, 2011 were used. Processed sequences were aligned to the S. pombe genome using Bowtie 15 with the following parameters: -S -v 2 -m 1 (two mismatches allowed, and reporting only reads that map to a single location in the genome). Aligned reads were then filtered to remove sequences potentially generated from internal poly(A) sequences, by discarding reads followed by either four or more consecutive As, or by seven or more As in the 10 downstream bases. Finally, reads that contained a mismatch in the last base were also discarded. The most downstream base within the mapped sequence was defined as the CS. 3' UTRs were extended by 200 nucleotides from the annotated transcription termination site. Clusters were defined iteratively, by merging reads separated by less than a fixed number of nucleotides from each other. As the distance used to define clusters will influence their length and number, we performed the analysis using distances from 1-30 (Fig. S10) . As expected, the fraction of genes containing more than one cluster decreased with length. However, the conclusion that APA is widespread remained robust for all numbers tested. A conservative distance of 25 nucleotides was used for all the analyses, which resulted in a median separation between cluster edges of 73 nucleotides. Only clusters containing at least six reads and at least 10% of the reads assigned to the corresponding gene were considered. To quantify heterogeneity, the minimal number of positions required to account for 90% of all observed CSs within a 3' UTR was calculated. To avoid biases created by differential read coverage, 4 a fixed number of reads was set at 200. For genes with less reads, the data were expanded by sampling with replacement from the original data set until 200 was reached. For genes with more, 200 reads were randomly selected. Only genes with more than 30 reads were used to calculate the heterogeneity score. To identify regulatory elements, sequences between −50 and −5 from the CS, or between +2 and +50, were scanned for the presence of over-represented hexamers. The background model was generated from the frequency of all hexamers in the regions −200 to −100 from the CS. Statistical significance was calculated using a normal approximation to the cumulative binomial distribution. For this analysis, a single event from each cluster of poly(A) sites was used, corresponding to the 
